Abstract. Sequence motifs are of greater biological importance in nucleotide and protein sequences. The conserved occurrence of identical motifs represents the functional significance and helps to classify the biological sequences. In this paper, a new algorithm is proposed to find all identical motifs in multiple nucleotide or protein sequences. The proposed algorithm uses the concept of dynamic programming. The application of this algorithm includes the identification of (a) conserved identical sequence motifs and (b) identical or direct repeat sequence motifs across multiple biological sequences (nucleotide or protein sequences). Further, the proposed algorithm facilitates the analysis of comparative internal sequence repeats for the evolutionary studies which helps to derive the phylogenetic relationships from the distribution of repeats.
Introduction
A conserved pattern of a nucleotide or amino acid sequence with a specific biological function is known as a sequence motif and is becoming increasingly important in the analysis of gene regulations [1] . Research on protein and DNA sequences revealed that specific sequence motifs in biological sequences exhibit important characteristics [2] . In DNA sequences, the sequence motif act as specific binding sites for proteins (nuclease, transcription factors, etc.) and RNAs (mRNA splicing, transcription termination, etc.) [1] . Further in proteins, these motifs act as enzyme catalytic sites, prosthetic group attachment sites (haem, pyridoxal phosphate, biotin, etc.), metal binding amino acids, cysteines involved in disulfide bonds or regions involved in binding a molecule [3] . In the recent years, due to the exponential rise in the volume of nucleotide and amino acid sequences in their respective databases, identification of sequence motifs using experimental methods is impossible. In addition, many newly discovered protein sequences do not share a global sequence similarity with a known protein. However, they share a short stretch of conserved sequences which represent the characteristics of similar domains [4] . Over the past years, these problems have been addressed using newly developed computational methods [5] , [6] , [7] . To this end, an efficient algorithm is proposed using the dynamic programming.
Earlier studies indicate that the transcription factor (TF) binding sites are well conserved motifs of short DNA sequence stretch. The motif size ranges from 5 to 35 nucleotides long and occur in a well-ordered and regularly spaced manner [8] , [9] . For example, in eukaryotes the cis-regulatory module (CRMs) usually occurs in a fixed arrangement and distributed over very large distances. Further, the repeat occurrence of this binding site will help for the alternate modes of binding by the same protein which leads to the regulation of transcriptional activity. Gene duplications and recombination events are thought to be responsible for this repeat occurrence of sequence motifs. The distribution of repeats in archaea indicates that they have an intermediate relationship between prokaryotes and eukaryotes [10] . In DNA, these repeats are mainly classified into two groups such as tandem and interspersed repeats. The tandem repeats are an array of consecutive repeats and often associated with disease syndromes [11] . On the other hand, interspersed repeats are copies of transposable elements located at various regions in a genome. Moreover, the repeats that are separated by intermediate sequences of constant length occurring in clusters are referred to short regularly spaced repeats (SPSRs) [12] . Generally, these short repeats indicate the position of deletion and precise removal of transposable elements [13] , where as, longer identical repeats are responsible for class switching in immunoglobulins [14] . Further, tandem repeats in telomers are involved in the protection of chromosome end and its length. In some cases, the internal sequence repeats in proteins adopt similar three-dimensional structures [15] , [16] . However, further work is necessary to ascertain this aspect. In addition, the internal sequence repeats are observed to be associated with structural motifs or domains in the class of repeat protein families [17] . Further, the repeated sequence motifs play an active role in protein and nucleotide stability, thus, not only ensuring proper functioning [18] but some times cause malfunction and disease [19] , [20] .
Existing Algorithms
In the post genomic era, many algorithms are available in the literature to find the sequence motifs and repeats in biological sequences. However, these algorithms significantly vary in their methodologies. In general, the motif finding algorithms are divided into two major groups based on their working principle. The first group of algorithms identifies the motifs with reference to the annotated motif database. For example, the programs InterProScan [5] , Motif Scan [21] , ScanProsite [22] and SMART [23] search for motifs against protein profile database such as Prosite, Pfam, TMHMM etc. In addition, the above mentioned programs are limited to only protein sequences. Further, the program MOTIF [24] identifies the motif in both protein and DNA sequences using the above profile databases as well as user defined libraries. In contrast, another set of programs such as MEME [6] , TEIRESIAS [7] , ALIGN ACE [25] , DILIMOT [26] and Gibbs Sampler [27] identify the motifs without any reference database. However, they use some statistical methods to identify the motifs and represent the conserved regions of the motifs in the form of sequence patterns using regular expressions or sequence logos. It is to note that most of these algorithms lack in the limitation of input sequence size (TEIRESIAS and ALIGN ACE take around 3,50,000 residues and the program MEME limits only to 60,000 residues).
The proposed algorithm has been developed by keeping the above lacuna in mind and uses the dynamic programming method implemented earlier [28] to identify all identical motifs present in multiple biological sequences (nucleotides and protein). To the best knowledge of authors, there is no such algorithm exists in the open literature. The proposed algorithm can be effectively used for the comparative identification of direct repeat motifs in several biological sequences. However, inorder to reduce the computational time, the total number of residues for a single run is restricted to a maximum of 10,00,000 residues.
Methodology
The proposed algorithm identifies all motifs which are present in a given set of biological sequences. Since, the problem of finding identical motifs in multiple sequences is similar to the problem of finding identical internal repeats in a sequence, when all sequences are concatenated with a delimiter or special character (z), where z / ∈ ( represents a set of alphabet characters in the input sequences). The criteria for the identical motif should be an exact pattern repeated more than one sequence. Thus, we will refer the identical motif as identical repeat in the following sections. The algorithm adopts the methodology of FAIR algorithm [28] . In addition, it has been improved by using hash table to reduce the time complexity. The working principle of the new methodology is explained in the subsequent sections.
Pre-processing Phase
Initially, the uploaded sequences are concatenated with a delimiter at the end of each sequence and stored in a string S. In addition, the starting position of each input sequence in the string S is stored in an array. Further, a hash table is created to improve the execution time during search phase and to store the positions or occurrences of each alphabet (X) in the string S. The size of the hash table is equal to the length of the string S. The number of entries in the hash table varies for DNA (only four A,T,G and C) and protein (20 amino 
Searching Phase
The proposed algorithm uses the dynamic programming method to determine the identical repeats in the string S. The string S is aligned itself by taking the same on both X-and Y-axes in a two-dimensional space (see Fig. 1 ). Instead of creating a two-dimensional matrix for storing the match score values, the algorithm uses the concept of linear space complexity deployed in FAIR algorithm [28] by using two vectors (current and previous). The size of the current and previous vectors is equal to N (length of the string S). While scanning, each element (S[i]) in the Y-axis is used as a probe to search for the match along X-axis (S[j]), where i,j ∈ 0 ≤i≤N, 0≤j≤N (see Fig. 1 
Advantage of using hash table:
Since the current and previous vectors are sparse, the recursive operation at each i (along Y-axis) and j (along X-axis) takes more time for longer sequence. In order to optimize the execution time, a new methodology has been implemented for scanning phase using hash table. The above recursive operation is carried out for each i against X-axis and is only for some j's which are the positions of character (S[i]) in string S. i.e., Voccurences[S[i]] (see Fig. 1 ). It is explained by using the following lemma: Lemma 1 states: for each i (0≤i≤N), the algorithm checks only the positions next to the previous repeat (see Fig. 1 ) and at all positions of character S[i], instead for all j (0≤i≤N). As a proof, there can be only three possibilities at each i, such as: (A) any previous repeat can be continued or extended (extended repeat), (B) previous repeat can be terminated and are needed for output (terminated repeat) and finally (C) any new repeat can be a start (see Fig. 1 
Post Processing Phase
In this section, for each terminated repeat (R i−1,j−1,L ) in Vterminated vector, the repeat length (L) is checked against the length of all the repeats in a previous vector. If the length is greater than or equal to L (terminated repeat length), then all such previous repeat (R i−1,j −1,L ) positions are stored in a data structure motif. These motif are pushed into a vector Vmotif. Further, the value of the vector Vmotif is sorted (on the basis of repeat string) using a built-in STL (Standard Template Library) function. Finally, unique motifs are determined after removing all the redundant entries. The detailed output of the algorithm contains the length of the motifs and their start and end positions.
Time Complexity
The computational or time complexity of the algorithm is explained below based on the following; Preprocessing: In this phase, the positions of each alphabets in the string S is identified to create a hash table and the scanning process is performed in one-dimensional space with O(N) time complexity, where N is the length of the string S. repeats in the string S. Post processing: In this section, the motif stored in Vmotif is sorted using the STL sort function which results in (N'logN') time complexity (where N' is number of repeats). However, the execution time of STL sort is less compared to that of the above steps. Considering the above three cases, the algorithm follows O(4N 2 /| |) time complexity to find the identical repeats using hash table. The algorithm is more effective with an increase in | | and is improved over the existing algorithm, FAIR [28] .
Results and Discussion

Case Study 1
To test the efficiency of the proposed algorithm, a set of eight major CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) nucleotide sequences is considered in this case study. The CRISPRs are direct repeats (identical repeats) with a length ranges from 24 to 48 nucleotides and the repeats in DNA are separated by spacers of similar length. These repeats are commonly present in many bacteria and archaea groups which help for the acquired resistance against phages [29] . The CRISPR sequences used in the present study are taken from four different species such as Salmonella typhimurium LT2, Salmonella enteric serovar Typhi Ty2, Salmonella enteric serovar Paratyphi A Str. AKU 12601 and Salmonella enteric Choleraesuis. The sequences are of various lengths with a minimum and maximum of 212 and 1982 nucleotides respectively. The input parameters provided for the search are: (a) the length of motif to be searched (for example: greater than or equal to 30) and (b) the minimum number of motif multiplicity (for example: greater than or equal to two). The motif multiplicity is defined as the number of times a motif is repeated in all the given sequences. The proposed algorithm identified 118 possible motifs in all four CRISPR sequences from four different species (Salmonella typhimuriumLT2 , Salmonella enteric serovar Typhi Ty2, Salmonella enteric serovar Paratyphi A Str. AKU 12601 and Salmonella enteric Choleraesuis). A sample output (only a part of the output is shown for clarity) of the result is shown below. 
It is interesting to note that, the above motif of length 30 residues, GCG-GTTTATCCCCGCTGGCGCGGGGAACAC, clearly shows the efficiency of the proposed algorithm in finding the motif in all possible locations of the chosen four nucleotide sequences. Firstly, the different motif locations identified in the sequences of CRISPR-2 of Salmonella typhimurium LT2 and CRISPR-1 of Salmnoella Paratyphi A are found to be separated by an approximate spacer of length 32 nucleotides. Further, it is also to note that the occurrence of the motif is nearly conserved at the same locations (123 to 152) and (244 to 273). However, the number of motifs in each sequence varies (minimum = 1 and maximum 9) and represent genome variations among the four species.
Case Study 2
A total of three hexokinase-1 protein sequences from orthologous species such as Homo Sapiens, Mus Musculus and Rattus norvegicus are considered in this case study. The minimum length of motif to be searched is given as greater than or equal to 5 and the motif multiplicity is given as two (by default). The proposed algorithm identified 85 identical motifs (only part of the output is shown below) present in all the three sequences. Interestingly, a total of 17 out of 85 identified motifs are repeated more than once in the same protein sequence (see below for details). A sample output of the repeat motifs (17) is shown below. 
The above results clearly show that the repeat motifs are conserved in all three sequences used. It is interesting to note, the three-dimensional structure of the last two motifs (GFTFSFPC and VAVVNDTVGTMMTC) repeated twice in Homo Sapiens and are superposed well with a root mean square deviation of 0.17Å and 0.27Å [16] . Further, the above results have been compared with the results of sequence alignment programs such as BLASTP [30] and CLUSTALW [31] . The output (results not shown) of these programs shows that the orthologous sequences exhibit high sequence similarity of more than 95%. Thus, the sequences are aligned end to end which leads to complexity in identifying the repeated motifs.
Implementation
The algorithm requires three inputs: a file of nucleotide or protein sequences in FASTA format, the length of the sequence motif to be searched and the number of motif multiplicity. The proposed algorithm generates a detailed output containing the location of motifs in each sequence. An option is also provided for the users to remove the redundant entries from the given input sequences. For example, only one sequence will be considered if two of the given or uploaded input sequences are having sequence identity of more than or equal to 90%. Due to less time complexity of proposed algorithm, there is no limitation in the number of motifs to be identified. The proposed algorithm has been written in C++ and successfully tested on a Linux box (Fedora core 9 and Red hat 9.0) and Solaris (10.0) environments. A standalone version of the proposed algorithm can be obtained upon request by sending an E-mail to the corresponding author Dr. K. Sekar (sekar@physics.iisc.ernet.in). In the future, we also plan to create an internet computing server for the proposed algorithm.
Conclusion
The algorithm finds the identical motifs in both nucleotide and proteins sequences. It has been developed with a broad view in mind to provide a comprehensive solution to the task of finding conserved as well as direct repeat motifs in a given multiple biological sequences. Further, the algorithm helps to analyze the differences in repeat numbers in various genomes and provides an insight to the horizontal gene transfer events during microbial evolution. One of the potential applications of this work is the comparative study of transposons in different sub species which provides a trace for the analysis of gene duplication.
